Synaptic transmission is mediated by a complex set of molecular events that must be coordinated in time and space. While many proteins that function at the synapse have been identified, the signaling pathways regulating these molecules are poorly understood. Pak5 (p21-activated kinase 5) is a brain-specific isoform of the group II Pak kinases whose substrates and roles within the central nervous system are largely unknown. To gain insight into the physiological roles of Pak5, we engineered a Pak5 mutant to selectively radiolabel its substrates in murine brain extract. Using this approach, we identified two novel Pak5 substrates, Pacsin1 and Synaptojanin1, proteins that directly interact with one another to regulate synaptic vesicle endocytosis and recycling. Pacsin1 and Synaptojanin1 were phosphorylated by Pak5 and the other group II Paks in vitro, and Pak5 phosphorylation promoted Pacsin1-Synaptojanin1 binding both in vitro and in vivo. These results implicate Pak5 in Pacsin1-and Synaptojanin1-mediated synaptic vesicle trafficking and may partially account for the cognitive and behavioral deficits observed in group II Pak-deficient mice.
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Syndapin1 | F-BAR | autoinhibition | kinase substrate R egulated signal transduction at neuronal synapses underlies the development and function of the nervous system and is crucial for proper neurotransmission. This is highlighted by a number of neurological disorders such as mental retardation and autism that result from defects in synaptic signaling cascades (1) . In particular, aberrant signaling by protein kinases functioning downstream of Rho GTPases has been linked to these disorders (2, 3) . Inactivation of both the RhoA/Rho-kinase (ROCK) pathway and the Rac/Cdc42/p21-activated kinase (Pak) pathway have been implicated in the development of mental retardation through dysregulation of neurotransmitter receptor endocytosis and trafficking (4) (5) (6) . Loss of Pak3 expression as well as specific mutations in PAK3 are associated with abnormalities in synaptic plasticity and cognition (6, 7) and a decreased density of dendritic spines (8) . In addition, both Pak1 and Pak3 are involved in regulating brain mass through modulation of neuronal size and synaptic complexity (9) . These findings underscore the need to further characterize the roles of protein kinases, particularly those of the Pak family, in neuronal physiology and pathology.
Pak5 is a brain-specific serine/threonine protein kinase expressed exclusively in neurons but not glial cells (10) and whose functions within the central nervous system are poorly described (11) . Six Pak isoforms exist in mammals, classified into two groups based on sequence homology and regulatory properties. The roles of the group I Paks (Pak1-3) in signaling pathways that mediate cell motility, proliferation, and survival are well documented; however, the functions of the group II Paks (Pak4-6) are much less well understood (12) .
Among the group II Paks, only Pak4 is ubiquitously expressed and is essential for viability (13) , whereas Pak5 and Pak6 have a more limited tissue expression pattern with especially high levels in the brain (14, 15) . Consistent with some level of functional redundancy between these Pak isoforms, no phenotype has been reported for PAK5 or PAK6 single knockout mice (10, 16) , but PAK5/PAK6 double knockout mice exhibit defects in behavior, memory, and learning (16) . The molecular mechanisms underlying these cognitive defects, however, have yet to be determined.
To gain further insight into the functions of Pak5 in vivo, we identified and purified direct substrates of this kinase from murine brain extract. Here we report the identification of two novel Pak5 substrates, Synaptojanin1 and Pacsin1, proteins that directly bind to one another at the synapse to regulate vesicle dynamics. Furthermore, Pak5 phosphorylation promotes the interaction of Synaptojanin1 with Pacsin1, implicating Pak5 in synaptic vesicle trafficking.
Results
Identification of Pak5-Specific Substrates in Murine Brain. Gatekeeper residue mutants of several protein kinases have been employed as tools to identify direct kinase substrates (17) . These mutations enlarge the ATP binding pocket to accommodate the binding of unnatural ATP analogues modified by bulky substituents at the N6 position that the majority of wild-type kinases cannot use. A gatekeeper residue mutant, Pak5-M523G, but not wild-type Pak5, can utilize [
32 P]-N6-methylbenzyl-ATP to phosphorylate Pak1 (18) and myelin basic protein (MBP) (Fig. S1 ). Likewise, we found that the analogous Pak2 mutant (M323G) can also utilize [ 32 P]-N6-methylbenzyl ATP as a substrate whereas wild-type Pak2 cannot (Fig. S1 ). We used these Pak2/5 mutants to identify direct and specific substrates of Pak5 in fractionated mouse brain lysates (Fig. S2 ).
Brain extract was fractionated by cation exchange chromatography and a sample of each fraction was incubated with either [ 32 P]-N6-methylbenzyl-ATP alone or together with Pak5-M523G. Reactions were analyzed by Coomassie blue-stained SDS/PAGE and autoradiography to identify fractions containing proteins phosphorylated in a Pak5-dependent manner. A Pak5 substrate of 150 kDa and a second substrate of 55 kDa were identified, and fractions containing these proteins were pooled and further fractionated by anion exchange chromatography. Individual fractions containing p150 and p55 were identified by Pak5-M523G kinase assays. In parallel, each fraction was also subjected to kinase assays using Pak2-M323G. Both p150 and p55 were spe-cifically phosphorylated by Pak5 but not Pak2 (Fig. 1) . Coomassie blue-stained bands that correlated by molecular weight and by cofractionation with the [ 32 P]-labeled substrates were excised and subjected to identification by MS/MS mass spectrometry of tryptic peptides. Seventy-three peptides corresponding to 55% of the amino acid sequence of Synaptojanin1 were identified in the 150 kDa band, representing more total peptide counts and greater percent coverage than any other protein identified in this band (Fig. S3A) . Similarly, the protein with the most peptide counts (36 peptides) and greatest percent coverage (64%) in the 55 kDa band was Pacsin1 (Fig. S3B) . Importantly, Synaptojanin1 and Pacsin1 have calculated molecular weights of 145 kDa and 52 kDa, respectively, consistent with the observed mobility of the Pak5 substrates by SDS/PAGE.
Synaptojanin1 and Pacsin1 Are Novel Pak5 Substrates. Synaptojanin1 is a member of the phosphoinositide 5-phosphate family of phosphatases. This enzyme dephosphorylates phosphatidylinositol 4,5-bisphosphate (PIP 2 ), a prerequisite for the uncoating and recycling of synaptic vesicles (19) . As a consequence, Synaptojanin1 −∕− mice display elevated steady-state levels of PIP 2 with an accumulation of clathrin-coated vesicles in nerve terminals, and these animals die shortly after birth (20) . To confirm the identity of the 150-kDa band as Synaptojanin1, we immunodepleted a p150-containing fraction with a Synaptojanin1 antibody. Western blotting with the same antibody demonstrated depletion of this band from the fraction and its appearance in the immunoprecipitate ( Fig. 2A, Upper) . Samples of the starting fraction, the immunodepleted fraction, and the immunoprecipitated material were then used in an in vitro kinase assay with recombinant Pak5 ( Fig. 2A, Lower) . A 150-kDa band was radiolabeled only when Pak5 was present, did not appear in the kinase assay using the immunodepleted fraction, and was present in the anti-Synaptojanin1 immunoprecipitate. Taken together, these results demonstrate that the 150-kDa Pak5 substrate is Synaptojanin1.
Synaptojanin1 consists of an N-terminal Sac1 phosphatase domain, a central 5-phosphatase domain, and a C-terminal proline-rich domain (Fig. 2B ). To determine which domain(s) of Synaptojanin1 are phosphorylated by Pak5, full-length Synaptojanin1 or truncation constructs (Fig. 2B) were expressed, immunopurified, and used in in vitro kinase assays with Pak5 (Fig. 2C ). Synaptonjanin1 is phosphorylated only in constructs containing the proline-rich domain, indicating that the phosphorylation site(s) likely resides within this region.
To predict the specific phosphorylation site within this domain, we elucidated the amino acid sequence selectivity of Pak5 using a positional scanning peptide library approach (Fig. S4 ). This method uses partially degenerate peptide mixtures to systematically test all of the naturally occurring amino acids at each of nine positions surrounding a phosphoacceptor site for phosphorylation by a given kinase (21) . Overall, we found that the peptide substrate specificity for Pak5 was indistinguishable from the previously reported specificity of Pak4 (22) , and like all other Pak isoforms, the most important determinant for Pak5 phosphorylation is the presence of an arginine at the -2 position. However, unlike the group I isoforms Pak1 and Pak2 (22) , the second strongest positive selection by Pak5 was for serine at the +3 position. The Pak5 selectivity data was used to quantitatively rank all possible sites for Pak5 phosphorylation within the proline-rich domain of Synaptojanin1, and serine 1291 ranked as the most likely site by this analysis. When we mutated serine 1291 to alanine (S1291A) within the context of the full-length protein, it was no longer phosphorylated, indicating that Pak5 phosphorylates Synaptojanin1 exclusively on serine 1291.
Pacsin1, also known as Syndapin1, is an evolutionarily conserved, brain-specific F-BAR (Fer-Cip4-Bin/Amphiphysin/Rvs) and SH3 (Src homology 3)-domain-containing protein (23, 24) . The SH3 domain of Pacsin1 binds to the proline-rich regions of several other proteins including dynamin1, N-WASP (neuronal Wiskott-Aldrich syndrome protein), and Synaptojanin1 (25) while the F-BAR domain is implicated in sensing and/or inducing membrane curvature (26) . Pacsin1 was immunoprecipitated from a p55-containing fraction, and the starting fraction, the immunodepleted fraction, and the beads from the immunoprecipitation were analyzed by Western blotting to confirm Pacsin1 depletion (Fig. 3A, Top) . Samples of the starting fraction, the immunodepleted fraction, and the immunoprecipitate were then used in Pak5 kinase assays (Fig. 3A, Lower) . A 55-kDa band was strongly radiolabeled by Pak5 in Pacsin1 immunoprecipitates, demonstrating that Pacsin1 is the 55-kDa substrate of Pak5.
Pacsin1 contains an N-terminal F-BAR domain and a C-terminal SH3 domain connected by an unstructured linker region (Fig. 3B) . To determine which domains of Pacsin1 are phosphorylated by Pak5, we expressed and purified GST-fusion proteins consisting of various regions of Pacsin1 (Fig. 3B) . Only Pacsin1 constructs containing the linker region were phosphorylated by Pak5 (Fig. 3C) , demonstrating that Pak5 likely phosphorylates a site within this region. Pak5 consensus sequence analysis ranked serine 343 as the most likely candidate, and consequently, its mutation to alanine (S343A) within the context of the full-length protein abolished phosphorylation by Pak5 (Fig. 3C) . These results indicate that Pak5 phosphorylates Pacsin1 exclusively on serine 343. (27) . An alignment of the sequences of Pacsin1/ 2/3 reveals that serine 343 within the Pak family consensus motif is not conserved in Pacsin2 and 3 (Fig. S5A) . Consistent with this finding, Pacsin1 is phosphorylated in vitro by Pak5 whereas Pacsin2 and 3 are not (Fig. S5B) , demonstrating that only the brain-specific Pacsin1 isoform is a substrate of Pak5.
Three isoforms of
Pacsin1 and Synaptojanin1 are Group II Pak-Specific Substrates.
Although the kinase domains of the group I and group II Paks are quite divergent, the majority of group II Pak substrates are also phosphorylated by the group I Paks (12) . Our data indicate that Pacsin1 and Synaptojanin1 are phosphorylated specifically by Pak5 but not by Pak2 (Fig. 1) , suggesting that these proteins may be group II-specific Pak substrates. To directly test this, we performed in vitro kinase assays with all six Pak isoforms using GST-Pacsin1 or Synaptojanin1-myc and, as a control, the generic Pak substrate MBP. Whereas MBP is phosphorylated by all Pak isoforms (Fig. 4 A and B , Lower Panels), Pacsin1 and Synaptojanin1 are preferentially phosphorylated by all three of the group II Paks (Fig. 4 A and B , Upper Panels, lanes 5-7, and Fig. 4C ) but not by the group I Paks (Fig. 4 A and B , Upper Panels, lanes 1, 2, and 4, and Fig. 4C ).
Two amino acids have been shown to play a critical role in dictating the substrate selectivity of all Paks by influencing the preferences of these kinases for particular residues at the +2 and +3 positions of a substrate (22) . Exchange of these residues partially swaps the peptide substrate specificity of group I to that of group II and vice versa (22) . Therefore, we asked whether the specificity-swapping mutant of Pak2 (P286Q, K287R; Pak2-QR) could phosphorylate Pacsin1 and Synaptojanin1 in vitro. The results indicate that Pak2-QR was able to phosphorylate both substrates whereas wild-type Pak2 could not (Fig. 4 A and B , Upper Panels, lanes 2 and 3, and Fig. 4C ), suggesting that recognition of the motif surrounding the phosphoacceptor residue in these proteins confers group II Pak selectivity. To directly test this, we generated an 11 amino acid GST-fusion peptide consisting of the residues immediately flanking the Pak5 phosphorylation site in Pacsin1 (GST-AGDRGSVSSYD) and used this fusion peptide as a substrate in in vitro kinase assays with Pak2 or Pak5. Whereas both Pak2 and Pak5 robustly phosphorylated MBP (Fig. S6, lanes 3  and 4) , this short peptide was strongly phosphorylated by Pak5 but to a much lesser degree by Pak2 (Fig. S6, lanes 7 and 8) , de- monstrating that these residues form a specific recognition site for group II Paks.
Pacsin1 Is Phosphorylated in Vivo by Group II Paks. To determine the physiological relevance of Pak5 phosphorylation, we developed a phosphospecific antibody against Pacsin1-S343 (Fig. S7A) . A single band of 52 kDa was detected by Western blotting using the antibody, indicating that Pacsin1 is phosphorylated in vivo on serine 343 (Fig. S7B) . Corroborating this result, phosphorylation of serine 343 in Pacsin1 has been detected by a large-scale mass spectrometry-based analysis of the mouse phosphoproteome (28) .
To test if phosphorylation of serine 343 was dependent on group II Paks, brain lysates were prepared from Pak5 and Pak6 single and double knockout mice and were immunoblotted with a total Pacsin1 antibody and with the phospho-Pacsin1-S343 antibody. Brain lysates from Pak5/Pak6 double knockout mice revealed substantially decreased levels of phosphorylated Pacsin1 compared to the single knockouts (Fig. 5) with the residual phosphorylation likely due to the presence of Pak4, which is also expressed in the brain (13) . Taken together, these data indicate that Pacsin1 is phosphorylated by Pak5 and Pak6 in vivo.
Phosphorylation by Group II Paks Regulates Pacsin1-Synaptojanin1
Binding. The SH3 domain of Pacsin1 binds to the proline-rich domain of Synaptojanin1 (25) . The identification of both Pacsin1 and Synaptojanin1 as Pak5 substrates and the subsequent mapping of phosphorylation sites to, or adjacent to, regions in these proteins involved in their association (Figs. 2C and 3C ) led us to hypothesize that Pak5 phosphorylation may affect their binding. To test this, we transfected HEK293 cells with constructs encoding Synaptojanin1-myc and GFP-Pacsin1 with or without a plasmid encoding HA-Pak5. Synaptojanin1 was immunoprecipitated from cell lysates and the extent of Pacsin1 coprecipitation was assessed by immunoblotting with anti-GFP antibodies (Fig. 6A) . The results indicate that a greater amount of Pacsin1 coprecipitated with Synaptojanin1 when Pak5 is expressed (compare lanes 3 and 5 in Fig. 6A ), implying that phosphorylation by Pak5 increases their association. We tested this via an alternative approach by cotransfection of epitope-tagged phosphomimetic forms of both Synaptojanin1 (S1291D) and Pacsin1 (S343E). Consistent with the previous result, the phosphomimetic forms (Fig. 6A,  lane 4) showed increased binding compared to the wild-type proteins (Fig. 6A, lane 3) . Taken together, these two independent approaches demonstrate that Pak5 phosphorylation promotes the interaction of Pacsin1 and Synaptojanin1.
We further probed the individual contribution of each phosphosite on Pacsin1-Synaptojanin1 binding by coimmunoprecipitation from cells expressing both wild-type proteins, both phosphomimetic mutants, or one phosphomimetic mutant with the other wild-type protein. While expression of either phosphomimetic enhances Pacsin1-Synaptojanin1 binding (Fig. 6B, lanes 2 and 3) , greatest binding is detected by coexpression of both phosphomimetic forms (Fig. 6B, lane 4) . These results suggest that both sites of phosphorylation (S343 in Pacsin1 and S1291 in Synaptojanin1) contribute to the Pacsin1-Synaptojanin1 interaction.
Finally, we investigated the physiological relevance of group II Pak phosphorylation on Pacsin1-Synaptojanin1 binding in the brain. Endogenous Synaptojanin1 was immunoprecipitated from brain lysates of Pak5 and Pak6 single knockout and Pak5/Pak6 double knockout mice. Substantially less Pacsin1 coprecipitated with Synaptojanin1 from brains of Pak5/Pak6 double knockout mice compared to the single knockouts (Fig. 6C) . Collectively, these results indicate that phosphorylation by group II Paks regulates the interaction between Pacsin1 and Synaptojanin1 both in vitro and in vivo.
Discussion
Among the six p21-activated kinases, Pak5 is one of the least characterized and most poorly understood isoforms. Previous reports have described a role for Pak5 in antiapoptotic signaling (29) (30), and overexpression of Pak5 results in increased neurite outgrowth in N1E-115 neuroblastoma cells (31) , although the mechanism by (Fig. 4A , Upper Panels), Synaptojanin1-myc (Fig. 4B , Upper Panels) and MBP (Lower Panels) were used as substrates in in vitro kinase assays with Paks1-6 and Pak2-P286Q/K287R (Pak2-QR). Reactions were analyzed by silver-stained or Coomassie-blue-stained SDS/PAGE, as indicated, and autoradiography. * indicates autophosphorylation of the corresponding Pak isoform. (C) Bands were quantified and plotted as the ratio of Pacsin1 or Synaptojanin1 phosphorylation to MBP phosphorylation. Gray bars denote Paks with group I specificity and black bars denote Paks with group II specificity. which Pak5 mediates this effect is unknown. Several other Pak5 substrates have been identified including p120-catenin (32), Raf-1 (33), and Par-1 (34), but given the widespread expression of these proteins and the brain-restricted expression of Pak5, the physiological implications of these modifications is unclear.
In this study, we demonstrate that Pak5 directly phosphorylates Pacsin1 and Synaptojanin1 in brain cytosol enhancing their association and possibly linking the activities of these two proteins both spatially and temporally. In neuromorphogenesis, Pacsin1 functions at the interface of endocytosis and membrane trafficking, acting as an adaptor to link membrane deformation via its F-BAR domain to vesicle internalization and trafficking via its SH3 domain (24, 35) . Also functioning in neurons, the phosphatase activity of Synaptojanin1 is crucial for phosphoinositide homeostasis and for the maintenance of a functional pool of synaptic vesicles (36) . Our data illustrating a role for Pak5 in mediating the interaction between Pacsin1 and Synaptojanin1 connect aspects of endocytosis and membrane recycling at the synapse and provide insight into how the functions of Pacsin1 and Synaptojanin1 may be coordinated in vivo.
Recent structural studies have determined that Pacsin1 exists in an autoinhibited conformation in which the SH3 domain is bound to the F-BAR domain within the same molecule. This autoinhibited conformation is incompatible with SH3 domainligand binding and inhibits membrane tubulation by the F-BAR domain (37) . We propose a model in which phosphorylation of Pacsin1 at serine 343 by Pak5 relieves this autoinhibition, allowing the F-BAR domain to generate membrane curvature and the SH3 domain to bind Synaptojanin1 (Fig. 7) . We further speculate that serine 1291 phosphorylation induces a conformational change in Synaptojanin1 that enhances binding to the SH3 domain of Pacsin1.
In support of this model, phosphoregulation of F-BAR-and SH3-domain-containing proteins is emerging as a common mechanism to modulate the conformation, subcellular localization, and activity of proteins that contain these domains (38) . A striking difference between these proteins and Pacsin1, however, is that phosphorylation inhibits their association with known ligands while phosphorylation of Pacsin1 appears to promote its interaction with a known binding partner. A possible explanation for this discrepancy may be the fact that the linker regions connecting the F-BAR and SH3 domains in all of these proteins are phosphorylated at multiple sites. We propose that these linker regions func- tion as platforms for signal integration from a number of kinases and phosphatases that ultimately determines whether the overall effect on protein function is stimulatory or inhibitory.
Within the central nervous system, the strength and maturity of synaptic connections is defined by the number and types of neurotransmitter receptors at the postsynaptic membrane. Pacsin1 binds to NR3A-containing NMDA receptors and promotes their endocytosis (39) , and Synaptojanin1 has also been implicated in endocytosis (40) , specifically in postsynaptic AMPA receptor downregulation (41) . Pak5 −∕− ∕Pak6 −∕− mice exhibit defects in locomotion, learning, and memory (16) , and based on our results, we propose that the cognitive and behavioral deficits observed in these mice may be partly attributable to altered endocytosis and vesicle trafficking. Learning and memory, in particular, are dependent on a form of synaptic plasticity known as long-term potentiation, a process that relies heavily on the density of neurotransmitter receptors within the postsynaptic membrane (42) . Defects in Synaptojanin1-Pacsin1-linked synaptic vesicle dynamics may perturb the number of NMDA-and AMPA-type receptors at the plasma membrane with a subsequent inhibition of long-term potentiation.
Our data indicate that Pacsin1 and Synaptojanin1 are phosphorylated by the group II Paks but not by the group I Paks, representing, to our knowledge, Pak substrates that are phosphorylated solely by the group II isoforms. Furthermore, our results suggest that the amino acid context surrounding the Pacsin1 phosphorylation site dictates a strong preference for recognition by the group II Paks, implying that the peptide substrate specificity differences identified in vitro for group I vs. group II Paks (22) are physiologically relevant.
The Pak5 phosphorylation sites and key elements of the Pak consensus motif in both Synaptojanin1 and Pacsin1 are evolutionarily conserved from jawed fish to mammals (Fig. S8) , suggesting important biological functions for these modifications. Interestingly, the presence of these proteomic features coincides with the acquisition of myelinated nerve fibers (43) . It is therefore tempting to speculate that myelination and Pak5-mediated phosphorylation of Pacsin1 and Synaptojanin1 coevolved, as Pak5-induced association of Synaptojanin1 and Pacsin1 may enhance synaptic vesicle recycling and, like myelination, may facilitate neurotransmission.
Materials and Methods
Pak5 Substrate Identification. Wild-type murine brain extract was fractionated by cation and anion exchange chromatography, and samples of each fraction were subjected to in vitro kinase assays. Additional details are available as supplemental information.
Experimental details regarding antibodies, plasmid construction, recombinant protein expression and purification, generation of [ 32 P]-N6-methylbenzyl ATP, preparation of mouse brain extract, chromatography, characterization of Pak5 substrate specificity determinants, in vitro kinase assays, cell culture and transfection, and coimmunoprecipitation assays are available as supplemental information.
